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ABSTRACT
We propose that superluminous transients that appear at central regions of active galactic nuclei (AGNs) such
as CSS100217:102913+404220 (CSS100217) and PS16dtm, which reach near or super-Eddington luminosities
of the central black holes, are powered by the interaction between accretion disk winds and clouds in broad-line
regions (BLRs) surrounding them. If the disk luminosity temporary increases by, e.g., limit-cycle oscillations,
leading to a powerful radiatively driven wind, strong shock waves propagate in the BLR. Because the dense
clouds in the AGN BLRs typically have similar densities to those found in Type IIn supernovae, strong radiative
shocks emerge and efficiently convert the ejecta kinetic energy to radiation. As a result, transients similar to
Type IIn supernovae can be observed at AGN central regions. Since a typical black-hole disk wind velocity is
≃ 0.1c where c is the speed of light, the ejecta kinetic energy is expected to be ≃ 1052 erg when ≃ 1 M⊙ is
ejected. This kinetic energy is transformed to radiation energy in a timescale for the wind to sweep up a similar
mass to itself in the BLR, which is a few hundred days. Therefore, both luminosities (∼ 1044 erg s−1) and
timescales (∼ 100 days) of the superluminous transients from AGN central regions match to those expected in
our interaction model. If CSS100217 and PS16dtm are related to the AGN activities triggered by limit-cycle
oscillations, they become bright again in coming years or decades.
Keywords: galaxies: active — galaxies: nuclei — ISM: jets and outflows — accretion, accretion disks
1. INTRODUCTION
Our knowledge of the transient Universe is expanding
thanks to recent large untargeted transient surveys like
Palomer Transient Factory (e.g., Law et al. 2009), Pan-
STARRS1 (e.g., Kaiser et al. 2010), Catalina Real-Time
Transient Survey (Drake et al. 2009), Kiso Supernova Sur-
vey (e.g., Morokuma et al. 2014), and All-Sky Automated
Survey for Supernovae (e.g., Shappee et al. 2014). An ex-
ample of new discoveries brought by such surveys is the dis-
covery of superluminous supernovae (SLSNe, Quimby et al.
2011). SLSNe are supernovae (SNe) more than ∼ 10 times
brighter than canonical SNe and their peak luminosities ex-
ceed ∼ 1044 erg s−1 or −21 mag in optical bands (see Howell
2017 for a recent review).
While many SLSNe appear in the outskirts of their host
galaxies and their progenitors are likely massive stars, some
of them, especially the brightest ones, are often found at the
central regions of their host galaxies where telescopes’ lim-
ited resolutions make it impossible to judge whether they are
off-center or not. For example, the brightest known SLSN
candidate ASASSN-15lh (Dong et al. 2016) is from the cen-
ter of the host galaxy and it may actually be a tidal disrup-
tion event (TDE) rather than a SLSN (Leloudas et al. 2016).
Another luminous transient called “Dougie” also appeared
takashi.moriya@nao.ac.jp
at the center of its host galaxy and is interpreted as a TDE
(Vinko´ et al. 2015).
Drake et al. (2011) reported a discovery of a SLSN candi-
date at the central region of an active galactic nucleus (AGN).
The SLSN candidate is named CSS100217:102913+404220
(CSS100217 hereafter) and it reached the peak optical mag-
nitude of around −23 mag, corresponding∼ 5× 1044 erg s−1.
CSS100217 kept its brightness within one magnitude from
the peak for ∼ 100 days and its total radiated energy was
1.3 × 1052 erg. Although CSS100217 appeared at the AGN
central region, Drake et al. (2011) suggest that CSS100217 is
not associated with the host AGN activity because the magni-
fication amplitude and the transient timescale of CSS100217
are not expected from typical AGN activities. Because
the host AGN is a narrow-lined Seyfert 1 (NLS1) galaxy
where star formation activities may be enhanced near the
central black hole (BH), Drake et al. (2011) suggested that
CSS100217 is a genuine SLSN from a massive star that hap-
pened to appear near the AGN central region due to the en-
hanced star formation there. Indeed, CSS100217 had spec-
tra which are similar to those of Type IIn SLSNe. Type IIn
SLSNe are believed to be explosions of very massive stars
with circumstellar media of ∼ 10 M⊙ (e.g., Moriya et al.
2013).
Blanchard et al. (2017) recently reported another transient
PS16dtm that had Type IIn-like spectra and appeared at
the central region of a NLS1 galaxy. Interestingly, both
CSS100217 and PS16dtm reach near or above the Edding-
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ton luminosities of the central BHs of the hosting AGN
(Blanchard et al. 2017). Blanchard et al. (2017) suggest that
CSS100217 and PS16dtm are TDEs instead of massive star
explosions. However, the fact that similar transients pref-
erentially appear in AGN central regions with similar prop-
erties motivated us to consider a possibility that these tran-
sients are related to AGN activities. In the rest of this paper,
we call such luminous transients from AGN central regions
as “Superluminous Transients from AGN Central regions” or
“STACs”. We suggest that STACs are caused by the interac-
tion between a BH accretion disk wind and the clouds in the
broad-line region (BLR) surrounding the BH.
We assume the standard cosmology with H0 =
70 km s−1 Mpc−1, ΩM = 0.3, and ΩΛ = 0.7.
2. AGN PROPERTIES
We first summarize properties of BLRs in AGNs. BLRs
locate at the immediate vicinity of the central BHs in AGNs.
If there is an accretion disk wind from the central BH, the
wind propagates in the BLR.
The radii of BLRs containing hydrogen (RBLR) can be em-
pirically estimated by their luminosities at 5100 A˚ (λL5100),
i.e., (e.g., Bentz et al. 2013)
RBLR ≃ 0.03
(
λL5100
1044 erg s−1
)0.53
pc. (1)
The mass of ionizing materials in BLRs (MBLR) can be esti-
mated with theHβ luminosity, L(Hβ) (Osterbrock & Ferland
2006). The Hβ luminosity can be expressed as
L(Hβ) ≃ nenpαeffHβhνHβVε, (2)
where ne is the electron number density, np is the pro-
ton number density, αeff
Hβ
is the effective recombination ef-
ficiency, h is the Planck constant, νHβ is the Hβ frequency,
V is the volume of the BLR, and ε is the filling factor. The
filling factor represents the volume fraction of the high den-
sity clouds in the BLRs (Fig. 1). Using Equation (2), we can
obtain the BLR mass MBLR as
MBLR ≃ (npmp + nHemHe)Vε, (3)
≃0.9
(
L(Hβ)
1041 erg s−1
) ( ne
109 cm−3
)−1
M⊙, (4)
where mp is the proton mass, nHe is the helium number den-
sity, mHe is the helium mass. We assume nHe ≃ 0.1np
in deriving Equation (4). This assumption holds when the
half of the helium is He+ and the other half is He++ in a
solar-metallicity gas. ne is roughly ≃ 109 cm−3 in AGNs
(Osterbrock & Ferland 2006). With the density, mass, and
radius of BLRs, we can estimate the filling factor as
ε ≃ 3×10−4
(
λL5100
1044 erg s−1
)−1.6 (
L(Hβ)
1041 erg s−1
) ( ne
109 cm−3
)−2
.
(5)
The covering factor fc of the BLR clouds, i.e., the fraction
of sight-lines covered by the BLR clouds, is determined by
ε and the cloud size. It is typically estimated to be fc ≃ 0.4
(e.g., Dunn et al. 2007; Gaskell et al. 2008).
With the virial theorem and the relation between RBLR and
the AGN continuum luminosity (Eq. 1), we can obtain the
following relation to estimate the BH mass at an AGN center
(McLure & Dunlop 2004),
MBH ≃ 6 × 106
(
λL5100
1044 erg s−1
)0.53 (
FWHM(Hβ)
1000 km s−1
)2
M⊙,
(6)
where FWHM(Hβ) is the full-width half-maximum
(FWHM) velocity of the emission line of Hβ.
Finally, the Eddington luminosities of BHs, at which the
gravitational and radiation pressures are balanced, are
LEdd =
4piGcMBH
κ
≃ 1038 MBH
M⊙
erg s−1, (7)
where G is the gravitational constant and κ ≃ 0.34 cm2 g−1
is the electron-scattering opacity.
3. THE BH DISK WIND MODEL
3.1. General picture
The basic idea of our BH disk wind model is to make
STACs bright through the interaction between the BH disk
wind and the clouds in the BLR surrounding the central BH.
Our model is mainly composed of two phenomena: (i) the
mass ejection from the BH disk and (ii) the interaction be-
tween the ejected mass and the BLR clouds.
At first, at the stage (i), a strong wind from the central BH
accretion disk with the mass MBH
ej
and the velocity vBH
ej
is
launched. Our model is independent of the wind launch-
ing mechanism, but we suggest that the BH disk wind is
triggered by the limit-cycle oscillation which is induced by
the thermal-viscous instability when the mass accretes onto
the BH with the near-Eddington rate (Section 4.1). This
is because the observed luminosities of STACs are near- or
super-Eddington. In addition to the sudden increase of the
disk luminosity, the limit-cycle oscillation can make the mass
ejection rate temporarily more than 10 times larger than the
Eddington rate (e.g., Ohsuga 2006). A typical velocity of
the BH wind is vej ≃ 0.1c where c is the speed of light.
The timescale of the activity is ∼ 10 − 100 sec for stellar
mass BHs, and is considered to be ∼ 10 − 1000 days for
MBH ∼ 106 − 108 M⊙ (Section 4.1). For the central BH
mass of 107 M⊙ , if the mass ejection with the Eddington rate
(LEdd ≃ 1045 erg s−1) occurs for 100 days, the total kinetic
energy output is EBH ∼ 1052 erg. This is comparable to
the typical total radiated energy of STACs. In our model,
this powerful outflow powers STACs. For the velocity of
v
BH
ej ≃ 0.1c, the ejected mass needs to be MBHej ≃ 1 M⊙
(EBH
kin
= MBHej v
BH 2
ej /2).
Although the disk luminosity can exceed the Eddington lu-
minosity during the limit-cycle oscillation, the disk wind will
immediately obscure the luminous disk. In the above exam-
ple of MBH = 10
7 M⊙ , ∼ 10−2 M⊙ is ejected in a day. With
the velocity of ≃ 0.1c, it reaches∼ 3×1014 cm. If we assume
that the spherically-symmetric fully-ionizing gas flows as the
BH disk wind, we can apply the same approximation to esti-
mate its opacities as in Roth et al. (2016). Assuming that the
inner radius of the ejecta is ∼ 1013 cm, the electron scattering
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optical depth of the ejecta at one day is τes ≃ 180. Because
the absorption optical depth (τab) is ∼ 10−4 times smaller
than the scattering optical depth (Roth et al. 2016), the effec-
tive optical depth in the BH disk wind is τeff =
√
τscτab ∼ 2.
Therefore, at 1 day after the mass ejection, the BH disk wind
can already obscure the central X-ray and ultraviolet source.
As long as the mass ejection continues, the central source is
kept obscured via the wind with τeff of the order of unity and
the accretion disk does not directly contribute to the lumi-
nosities of STACs in our model.
Now we consider the second phenomenon, i.e., (ii) the in-
teraction between the BH disk wind and the BRL clouds.
We illustrate this phase in Fig. 1. When ne ≃ 109 cm−3
in the BLR clouds, the corresponding cloud density is ≃
2 × 10−15 g cm−3. This density is as high as those found
in Type IIn SNe (e.g., Moriya et al. 2014). Therefore, similar
physical processes to those in Type IIn SNe are presumed to
occur in these clouds when BH disk wind collides to them.
SN ejecta are replacedwith BH disk winds and dense circum-
stellar media are replaced with BLR clouds. Strong radiative
shock waves are created between the BH disk wind and the
BLR clouds. High-energy photons from the shock are im-
mediately absorbed by the clouds due to their high density
and heat up the clouds. Most of radiation is emitted in near-
ultraviolet to optical wavelengths and the shocks also make
narrow lines as in Type IIn SNe. The efficient conversion
from the kinetic energy to radiation at the shocks makes the
BH disk wind bright and results in STACs.
The emission timescale from the interaction (tem) is deter-
mined by the timescale for the BH wind to lose its kinetic en-
ergy. The deceleration timescale corresponds to the timescale
for the shock to sweep the comparable mass to the BH disk
wind. Keeping in mind that only fcMej interacts with the
BLR clouds, we obtain the following emission timescale;
tem ≃ 240
(
fcM
BH
ej
M⊙
) 1
3
(
v
BH
ej
0.1c
)−1 ( ε
10−3
)− 1
3
( ne
109 cm−3
)− 1
3
days.
(8)
The light-crossing time of the shock is ∼ 10 times smaller
than tem and it does not affect STAC timescales.
We briefly summarize the general picture. First, the BH
disk wind is launched by a disk instability like limit-cycle
oscillations. Although the disk will be bright due to the in-
stability, the BH disk wind becomes optically thick and the
central disk is obscured as long as the mass ejection contin-
ues. Themass ejection typically continues for about 100 days
or less. The BH disk wind becomes bright enough to be ob-
served as STACs due to its collision to the surrounding clouds
in the BLRs which efficiently converts kinetic energy to ra-
diation. The emission timescale is determined by the decel-
eration timescale which is typically more than 100 days.
3.2. CSS100217
We apply our BH disk wind model to CSS100217. We start
by looking into the AGN properties hosting CSS100217.
The spectrum of the galaxy hosting CSS100217 obtained
by Sloan Digital Sky Survey (SDSS) suggests that it is a
Seyfert and therefore an AGN (Abazajian et al. 2009). The
Figure 1. Schematic picture of our BH disk wind model. If the BH
accretion disk ejects a wind with MBH
ej
and vBH
ej
, it is decelerated
by the dense clouds in the BLRs (red dots) and its kinetic energy is
efficiently converted to radiation.
AGN has the g-band magnitude of 17.9 mag and its redshift
is 0.147 (Drake et al. 2011). Thus, λL5100 ≃ 9×1043 erg s−1.
Its bolometric luminosity Lbol is ≃ 7 × 1044 erg s−1, if
we apply the bolometric correction of Lbol ≃ 8.1λL5100
(Runnoe et al. 2012). The broad component of its Hβ
emission has 2900 km s−1 (FWHM) with the luminosity of
L(Hβ) ≃ 4 × 1041 erg s−1 (Drake et al. 2011). Adopting
the equations in Section 2, we estimate RBLR ≃ 0.03 pc,
MBLR ≃ 4 M⊙ , ε ≃ 10−3, and MBH ≃ 5×107 M⊙ . Therefore,
the Eddington luminosity is ≃ 6 × 1045 erg s−1. Thus, the
Eddington ratio Γ = Lbol/LEdd is about 0.1 at the central BH.
The integrated radiation energy emitted by CSS100217 is
≃ 1.3 × 1052 erg (Drake et al. 2011). Assuming that this ki-
netic energy originates from the ejecta from the BH disk wind
and only fcMej ( fc ≃ 0.4) interacts with the BLR clouds,
EBH
kin
≃ 3 × 1052 erg is required. With the typical BH wind
velocity of vBH
ej
≃ 0.1c (e.g., Hashizume et al. 2015), the re-
quired total ejecta mass is estimated as MBHej ≃ 4 M⊙ .
We find that fcM
BH
ej ≃ 2 M⊙ interacts with the BLR
clouds. Because MBLR ≃ 4 M⊙ & fcMBHej ≃ 2 M⊙ , the BLR
region contains enough amount of matter to decelerate the
BH disk wind. The emission timescale tem is tem ≃ 280 days.
This timescale roughlymatches that observed in CSS100217.
Overall, the properties of CSS100217 can be explained by
our BH disk wind model and CSS100217 can be powered
by the interaction between the BH disk wind and the BLR
clouds.
3.3. PS16dtm
The host AGN of PS16dtm has λL5100 ≃ 1043 erg s−1,
L(Hβ) ≃ 7 × 1040 erg s−1, and FWHM(Hβ) ≃ 1200 km s−1
(Blanchard et al. 2017). These properties result in RBLR ≃
0.009 pc, MBLR ≃ 0.6 M⊙ , ε ≃ 7 × 10−3, and MBH ≃
3 × 106 M⊙ . Because of the small BH mass, the AGN con-
tinuum could be affected by stellar light and MBH may ac-
tually be slightly lower (≃ 106 M⊙ , e.g., Xiao et al. 2011).
Adopting the same way as in CSS100217, we obtain Lbol ≃
9 × 1043 erg s−1 and Γ ≃ 0.3.
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The g-band peak magnitude of PS16dtm is −22 mag
(Blanchard et al. 2017). Because it has not been faded away,
total radiated energy in PS16dtm exceeds ≃ 3 × 1051 erg. To
acquire this amount of radiation energy, fcM
BH
ej
needs to be
larger than 0.3 M⊙ . If we assume that fcMBHej is as much
as MBLR ≃ 0.6 M⊙ , tem can be as long as tem ≃ 110 days.
PS16dtm is likely to start declining soon if it is powered by
the BH disk wind as its duration matches tem ≃ 110 days
now. The observed broad (∼ 10, 000 km s−1) Mg II absorp-
tion could be related to the fast BH disk wind.
Blanchard et al. (2017) argue that PS16dtm is not due to
an AGN variability because (i) they have luminosity increase
much larger than those observed in other AGNs and (ii) vis-
cous timescales in disks are much longer than timescales
observed in STACs. However, both difficulties are over-
come if we consider the interaction between the BH disk
wind and the BLR clouds. An important characteristics of
PS16dtm is the X-ray fading during the optical brightening.
Blanchard et al. (2017) suggest that TDE debris surrounding
the X-ray emitting region obscures the X-ray emission from
the center. As discussed in Section 3.1, the BH disk wind can
obscure the central region and the X-ray fading is naturally
expected in our BH disk windmodel. In the case of PS16dtm,
assuming that the ejecta mass is ∼ 0.5 M⊙ and the inner and
outer radii of the ejecta are ∼ 1013 cm and 1016 cm (a typi-
cal outer shock radius at around 100 days), respectively, the
effective optical depth in the BH disk wind become τeff ∼ 3.
Therefore, the BH disk wind can actually obscure the central
X-ray source. Because τeff is close to unity, the degree of the
obscuration in each STACs can easily change depending on,
e.g., the mass and asphericity of the BH disk wind.
4. DISCUSSION
4.1. Mass ejection from BH accretion disks
A possible physical mechanism to initiate the transient disk
winds from the BH accretion disks is limit-cycle oscilla-
tions (e.g., Honma et al. 1991; Szuszkiewicz & Miller 1997;
Watarai & Mineshige 2003). When the mass accretion rate
of the disk is near-Eddington rate, the disk cycles between
the gas-pressure dominated standard disk state and the slim
disk state via the disk instability. When it transforms from
a gas-pressure dominated state to a slim disk state, its lu-
minosity can increase significantly and the luminosity can
exceed the Eddington luminosity for a while. During this
time, strong radiation-driven disk winds can be launched. By
the two-dimensional radiation hydrodynamics simulations,
Ohsuga (2006) has successfully reproduced the limit-cycle
behavior and the transient radiation-driven winds, of which
the kinetic energy flux is above the Eddington luminosity (see
also Teresi et al. 2004a,b; Ohsuga 2007).
Themost famous candidate exhibits this kind of limit-cycle
oscillation is a microquasar GRS 1915+105. The luminos-
ity of GRS 1915+105 is comparable to the Eddington lu-
minosity, and this object clearly shows the quasi-periodic
luminosity variation with the timescale of several 10 sec
(Belloni et al. 1997a,b). Interestingly, the possible double-
peak shape in the LC of PS16dtm is sometimes found in the
microquasar GRS1915+105 (e.g., Janiuk & Czerny 2005).
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Figure 2. Luminosity estimates of STACs by the BH disk wind
model and their host AGNs. Both luminosities are scaled with
CSS100217 properties indicated with squares. We shade regions
within a factor of 3 to account for uncertainties. The properties of
PS16dtm shown with filled circles match the scaling expected from
the BH disk wind model. We also show the mass range of the cen-
tral BHs in NLS1 galaxies (Zhou et al. 2006) and that in quasars
(Shen et al. 2011) which is obtained by removing 1% outliers at the
high and low mass ends.
Janiuk & Czerny (2011) have reported that the disk instabil-
ity in the radiation pressure-dominated region occurs in sev-
eral stellar-mass accreting BHs (MBH ∼ 10 M⊙) with Γ &
0.1. Indeed, the AGNs hosting CSS100217 and PS16dtm
have the Eddington ratio of around 0.1 and are likely to be
able to trigger the limit-cycle oscillation1. The timescales for
stellar mass BH disks to have super-Eddington accretion are
∼ 10 − 100 sec. As the timescale is expected to be roughly
proportional to MBH, the timescales for the BH disk wind
from MBH ∼ 106−108 M⊙ are thought to be ∼ 10−1000 days.
These are comparable to or less than the emission timescale
tem (Eq. 8). Thus, STACs usually radiate with the emission
timescale in our model.
If the BH disk wind caused by the limit-cycle oscilla-
tion is responsible for the STAC activities, STACs are ex-
pected to be brightened intermittently. The prediction for
the duration of the quiescent phase strongly depends on the
viscosity adopted in the disk model (Watarai & Mineshige
2003). The quiescent phase can be more than 10 times longer
than the luminous phase if the disk viscosity is sensitive to
the radiation pressure. If we simply assume that the prop-
erties of the viscosity remain unchanged, the duration of
the quiescent phases is roughly proportional to the viscous
timescale and therefore the central BH mass. In the case of
MBH ∼ 106−108 M⊙ , the quiescent phase can last for several
months to decades.
4.2. Diversity of STACs by the BH disk wind model
1 The BH mass estimates by Blanchard et al. (2017) are a factor of a few
smaller than our estimates. This shows that the estimated Eddington ratios
have uncertainties of a factor of a few. However, the exact Eddington ratio to
trigger the limit-cycle oscillations is also uncertain (Janiuk & Czerny 2011)
and the uncertainties of a factor of a few are not critical in our model. The
Eddington ratios in both estimates become near unity during the bursts.
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We have proposed that STACs like CSS100217 and
PS16dtm are related to AGN activities. We argue that STACs
are preferentially observed in NLS1 galaxies because of their
relatively small BH masses (∼ 106 − 108 M⊙ , Zhou et al.
2006). Here, we consider diversities of STACs due to the di-
versities in BHs in AGNs in the context of our BH disk wind
model.
The BLR density does not vary much due to their similar
electron densities (ne ∼ 109 cm−3) and filling factors (ε ∼
10−3, Eq. 5). Also, the BH disk wind velocity is presumed to
be similar (vBHej ≃ 0.1c). Therefore, the diversities in STACs
in our BH disk wind model mainly come from the diversities
in the total amount of the mass ejected from the central BH
accretion disks.
MBHej ≃ 4 M⊙ is required to explain the observational
properties of CSS100217. Because MBHej can be propor-
tional to LEdd and LEdd ∝ MBH, MBHej can be proportional to
MBH. Then, the STAC luminosity (EBHkin /tem) is proportional
to M
2/3
BH
as tem ∝ MBH 1/3ej . On the other hand, the AGN lu-
minosities hosting STACs are presumed to be proportional
to MBH because Γ ≃ 0.1 is required to activate the limit-
cycle oscillations. Therefore, when a BH mass increases by
a factor of 10, a STAC luminosity increases only by a factor
of 5 but an AGN luminosity increases by a factor of 10. In
Fig. 2, we show expected STAC and host AGN luminosity
evolutions scaled with the properties of CSS100217. STACs
by the BH disk wind start to be “buried” in AGNs with the
increasing AGN BH mass. On the contrary, they become
easier to detect in low-mass AGNs, even though the STAC
luminosities are also expected to decrease with smaller BH
masses. PS16dtm is observed in an AGN whose host g-band
magnitude is −19.1 mag and its peak g-band magnitude is
−22 mag. These properties roughly matches the above scal-
ing based on CSS100217.
4.3. Post-STAC luminosity evolution of CSS100217
CSS100217 has been monitored even after the major burst
observed in 2010 and its light curve is available in the
Catalina Real-Time Transient Survey website2. Interest-
ingly, the post-burst brightness of the CSS100217 host is
about 0.5 mag fainter than the pre-burst brightness. The
brightness difference in the host is likely associated with
changes in the AGN accretion disk. If CSS100217 was a
phenomenon that is not related to the central AGN activi-
ties, we do not naturally expect changes in the accretion disk
shortly after the burst. Thus, the observed luminosity differ-
ence in the AGN hosting CSS100217 suggests that the tran-
sient is related to the AGN activity. In addition, the post-burst
brightness is gradually recovering to the pre-burst bright-
ness which matches a prediction of the limit-cycle oscillation
(Watarai & Mineshige 2003). If the limit-cycle oscillation is
actually triggering STACs, CSS100217 may become bright
again in coming years or decades.
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